Introduction
Landslides triggered by rainfall occur in most mountainous landscapes. Some of these landslides occur suddenly and travel many kilometers at high speeds. They can pose grave threats to life and property, as demonstrated in the December 1999 disaster in northern Venezuela [Larsen et al., 2000] . Other landslides respond slowly to rainfall and move at imperceptible speeds, but they can dominate sediment yields and landscape change for years or even millennia [Swanson and Swanston, 1976] . Traditionally, prediction of rainfall-triggered landslides has relied mostly on recognition of landslide-prone terrain [e.g., Rib and Liang, 1978; Hansen, 1984; Soeters and van Westen, 1996] and identification of rainfall intensities and durations that cause slopes to fail [e.g., Caine, 1980; Cannon and Ellen, 1985; Wieczorek, 1987] . These empirical methods are important, but they provide no theoretical framework for understanding how hydrologic processes influence the location, timing, and rates of landslides or for anticipating how landslide hazards might change in response to changing climate or land use.
Recently, theoretical models have been developed to predict how variations in landslide susceptibility depend on topographic, geologic, and hydrologic variables and changes in land use [e.g., Sidle, 1992; Montgomery and Dietrich, 1994; Dietrich et al., 1995; Wu and Sidle, 1995] . All of these models employ the effective stress principle [Terzaghi, 1925] stability analysis [Haefeli, 1948; Taylor, 1948] , which relates landslide potential to groundwater pressures in discrete landscape cells. The models assume that rainfall influences groundwater only by modulating steady or quasi-steady water table heights and that groundwater flows exclusively parallel to the slope. The models consequently neglect slope-normal redistribution of groundwater pressures associated with transient infiltration of rain. This neglect is predicated more on expedience than physical evidence; both theory and measurements indicate that groundwater pressures in hillslopes respond strongly to transient rainfall and that pressure redistribution includes a large component normal to the slope [e.g., Freeze, 1974 To assess the effects of transient rainfall on timing, rates, and locations of landslides, I use rational approximations to develop a theoretical model that augments steady and quasisteady models such as those described above. Analysis of Richards [1931] equation yields approximations that describe nearsurface groundwater pressures that develop in hillslopes in response to rainfall over varying periods of time. An approximation valid for long times governs quasi-steady background pressures that typically develop over periods ranging from days to many decades. These pressures reflect the influence of topography, geology, and climate on slope failure potential. An approximation valid for shorter times governs groundwater pressures that develop in response to individual rainstorms or groups of storms and that trigger most dangerous landslides. For slopes that are initially quite wet, the short-time approxi- Before detailing the analyses outlined above, it is perhaps worthwhile to emphasize that the theory is born of compromise. The theory aims to predict variations in landslide susceptibility and behavior under diverse geologic and hydrologic conditions, with the caveat that only valid approximations and minimal data inputs are desirable. A more precise theory would avoid approximations and include all details of transient, variably saturated groundwater flow as well as threedimensional landslide geometries and geologic heterogeneities but would also demand extraordinary data inputs. Conversely, theories that disregard transient rainfall entirely cannot account for its effect on landsliding: an effect that is evident to even casual observers. The new theory described here includes transient rainfall effects but requires only meager data inputs (rainfall intensity and duration and a characteristic hydraulic diffusivity) in addition to those required by steady and quasisteady theories. A theory this simple cannot, of course, predict all complexities observed in the field. Nonetheless, it can illuminate rainfall effects on the timing and style of landsliding, and it can sharpen the focus of field investigations and model prognostications.
Analysis of Hydrologic Processes
To assess the influence of rainfall on near-surface groundwater pressures in slopes, consider a local rectangular Cartesian coordinate system with its origin at an arbitrary point on the ground surface (Figure 1 ). The coordinate x points down the slope, y points tangent to the topographic contour that passes through the origin, and z points into the slope, normal to the x-y plane. Richards equation governs unsteady, variably 
A general solution of (7) 
where the elevation head Z = x sin a + z cos a is measured vertically downward from a horizontal reference plane that passes through the origin on the ground surface (Figure 3) . Some special cases of (8) table heights given by (13), yet the assumption Iz/K z --> e is necessary to derive both (13) and (14a). To eliminate this paradox, one must assume strongly anisotropic conductivity, K z >> K x (which yields Iz/K x >> Iz/Kz), a condition not typical of many slopes. In summary, equations for steady, slope-parallel groundwater flow above an impermeable bed (e.g., equations (13), (14a), and (14b)) can predict groundwater pressures produced by rainfall only if four conditions are satisfied: (1) The rainfall duration is very long (t >> A/Do) , (2) the depth H is relatively small (e << 1), (3) the rainfall intensity is very low (Iz/Kz << cos a), and (4) the slope-normal component of hydraulic conductivity greatly exceeds the slope-parallel component (Kz >> Kx). Typically these conditions do not exist. Therefore I use more general equations (such as (10a) and (10b)) and alternative approximations (valid for short-term, transient rainfall) to assess hydrologic conditions that trigger landslides.
Short-Term Behavior
Short-term piezometric responses to rainfall can be assessed by identifying the appropriate dimensionless time as t* -tDo/H 2 and substituting this expression together with (2) 
Linearity of (24) allows superposition of solutions. Thus to evaluate pressure head responses to complicated rainfall sequences with varying intensities and irregular durations, it is necessary only to obtain a fundamental solution of (24) that describes the response ½(Z, t) to rainfall of fixed intensity and duration and to sum a series of responses. An appropriate fundamental solution of (24) obeys the initial and boundary conditions q,(z, o)= (z-dz)t,
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is an effective hydraulic diffusivity and erfc is the complementary error function. Equation (26a) applies while rainfall continues (t -< T), whereas (26b) applies after rainfall stops (t > T).
Significant simplification of (26a) and ( Equations (27a)-(27e) indicate that calculation of groundwater pressure heads at all depths Z and all times t* requires only knowledge of the pressure head response function R (t*) and three additional kinds of information: an initial (steady state) pressure head distribution (given by (10a) and represented by the first term on the right-hand sides of (27a) and (27b)) and a normalized rainfall intensity Iz/Kz and duration T* (Figure 4 ). This economy of information requirements and computational demands makes rapid application of (27a)-(27e) over broad regions feasible.
Hydrologic Responses
Figures 5 and 6 illustrate key features of the pressure head response function R(t*) for t* -< T* and R(t*) -R(t* -T*) for t* > T*. 
Graphs depict R (t*) for t* -< T* and R (t*) -R (t* -T* )
for t* > T*. Table 1 , and it mimics behavior produced by rainfall on tension-saturated soil [Gillham, 1984] .
Figures 7b and 8b also show that pressure heads predicted for the shallowest depths can eventually rise to unrealistically high levels. These pressure heads exceed values denoted by a "/3" line, which indicates maximum pressure heads sustainable with a water table at the ground surface and the steady, background, vertical flow components (Iz/Kz)steady listed in Table   2 
Slope Failure
To evaluate the potential for slope failure at diverse locations within a landscape, I use a one-dimensional infinite-slope stability analysis, which neglects all forces not resolvable on planes that parallel the ground surface (Figure 9 ). An infiniteslope geometry is a rigorous, lowest-order approximation of a multidimensional landslide geometry if H << L, where H is 
where the dimensionless "factor of safety" FS has components [Iverson, 1991] Table 2 .
which applies only after the right-hand side exceeds 0. The right-hand side cannot exceed 0 under steady state hydrologic conditions, because the first term on the right-hand side of (32) is always negative and the second term is zero at steady state. Solution of (32) also requires an initial condition for landslide velocity, typically v = 0 at t = 0. Before solutions of (32) can be generated, an important timescale discrepancy must be rectified. Time variables on the right-hand side of (32) The contrast in timescales denoted by large values of S has important implications for computing solutions of (33a). Although (33a) can be integrated numerically using a standard technique such as Simpson's rule, normalized time steps At* must be very small (zXt* << l/S) to resolve landslide motion accurately. This constraint implies that time steps must be extraordinarily small relative to the timescale for pore pressure diffusion. Fortunately, the analytical expression on the righthand side of (33a) obviates iterative computation of pore pressure diffusion, and numerical integrations using Simpson's rule to find v* (t*) proceed very rapidly. (Figure 14b) . the correct order of magnitude, but it predicts accelerations that are somewhat too large. The discrepancy between theory and data might result from rate-dependent resistance (due to pore dilation and consequent strain hardening or due to ratedependent friction), which are not included in the model [cf. Iverson, 1986] .
Figure 13 depicts velocities measured during an artificial landslide experiment (June 23, 1998), which contrast sharply with velocities at Minor Creek landslide. In this experiment the sandy soil was prewetted to raise moisture contents to nearsaturation levels, but pressure heads at all depths remained negative during prewetting, and the factor of safety remained high (-2) at the prospective failure depth of 0.4 m (Figure 11 ). Consequently FSo = 2 was used in (33a) to compute the timing and velocity of failure. Figure 13 demonstrates that the theory predicts the timing of failure remarkably well, and it correctly predicts the abrupt and rapid character of failure. However, the theory errs by underpredicting the landslide acceleration: an error opposite to that which arises in predicting In contrast, slow-moving landslides commonly occur under conditions similar to those depicted in Figure 14b . Such landslides typically involve thick, relatively fine-grained soils that yield large slip surface depths (Z) and small effective hydraulic diffusivities (/)). As a consequence, normalized time (t* = tD/Z 2) proceeds slowly after rainfall commences, and pressure head responses R (t*) long remain confined to the region where they change very subtly (prior to t* • 0.3 in Figure 14) . Slow drainage of the slope tends to hold factors of safety not far above 1 during steady state conditions (assuming the slope is potentially unstable), and rainfall changes this situation only moderately. Thus if slope failure occurs, it occurs gradually in response to slight changes in the balance of forces.
The "rapid" and "slow" landslides characterized above represent archetypes, but intermediate cases are obviously possible. Nonetheless, distinctions between rapid and slow landslides are important owing to differing implications for landscape change and hazards. Rapid landslides can pose mortal dangers, whereas slow landslides destroy property but seldom cause fatalities. In some cases, pressure head growth and slope failure can occur rather abruptly in response to intense rainfall, and landslides can accelerate catastrophically. Such behavior is typical where shallow soils (with small Z) have high diffusivities (Do). In such cases, normalized time proceeds rapidly after rainfall commences, and the pressure head response function R rises quickly.
In contrast, locations such as Minor Creek landslide (with thick soil and low hydraulic diffusivity) favor slow landsliding. In these cases, normalized time proceeds slowly, and the pressure head response function rises almost imperceptibly for a long time, even under sustained rainfall of high intensity. If landsliding occurs, it occurs gradually, with prolonged acceleration preceding any catastrophic movement.
The model developed here predicts key aspects of the behavior of "fast" and "slow" landslides, but it neglects factors that can be important. In particular, it neglects soil strength evolution, such as that due to contractile strain weakening, dilatant strain hardening, and fabric development, and it neglects mechanical effects of three-dimensional landslide geometries. Despite these shortcomings the model adds realism to current models that predict landsliding as a function of steady state hydrology, and it does so with a minimum of added data requirements. The model also provides information for assessing rates of postfailure landslide motion, thereby refining hazard forecasts.
